Knowledge about Antarctic sea-ice volume and its changes over the past decades has been sparse due to the lack of systematic sea-ice thickness measurements in this remote area.
CryoSat-2, and the differences between modal freeboard lie generally within ±10 cm and often even below.
Introduction
Over the last three decades, sea-ice extent (SIE) in the Arctic has decreased and submarine ice draft measurements indicate that also sea-ice volume is declining (Rothrock et al., 1999 , Rothrock et al., 2008 , Lindsay and Schweiger, 2015 . In the Antarctic on the contrary, SIE is increasing, but only little is known about the changes in the sea-ice volume. This is due to the lack of systematic sea-ice thickness measurements in the Southern Hemisphere remote area.
There are only few in situ data sets from upward looking sonars (only Weddell Sea, e.g. Harms et al., 2001 , Behrendt et al., 2013 , drillings (e.g., Lange and Eicken, 1991 , OzsoyCicek et al., 2013 , Wadhams et al., 1987 , Perovich et al., 2004 , electromagnetic methods (Haas, 1998 , Haas et al., 2008 and airborne altimetry (e.g., Dierking, 1995 , Leuschen et al., 2008 . Those data are distributed unevenly in location, coverage and time and do not allow for the estimation of seasonal and interannual sea-ice volume changes.
Only ship-based visual observations (ASPeCt, Worby et al., 2008) have been used for estimations of the seasonal variability in selected regions. Hence, in order to investigate current mass balance and feedback mechanisms of the entire Antarctic sea-ice zone we need sea-ice thickness retrievals from satellite sensors.
The capability of sea-ice thickness retrievals using satellite radar and laser altimetry data has been demonstrated for Arctic and Antarctic sea ice (Ricker et al., 2014 , Laxon et al., 2013 , Kurtz et al., 2014 , Zwally et al., 2008 , Yi et al., 2011 . The altimetry sea-ice thickness retrieval algorithm is based on estimations of freeboard, the height of the ice (ice freeboard) or snow surface (total or snow freeboard) above the local sea level. One fundamental requirement for freeboard retrieval is the interpolationestimation of sea surface height (SSH) from altimeter range data between leads in the ice coverover leads between ice floes. The SSH along the satellite ground track forms the reference surface, where the residual of surface elevations over ice gives the freeboard. Sea-ice thickness is then calculated from freeboard using hydrostatic equilibrium equations, requiring estimates of the snow depth and densities of sea ice, snow and water. There are two categories of altimeters currently used for spaceborne freeboard measurements: The Geoscience Laser Altimeter System (GLAS) on-board the Ice, Cloud and land Elevation Satellite (ICESat, 2003 (ICESat, -2009 ) measured the distance to the snow/ice surface, hence usedsrevealeds snow freeboard as reference interface. Radar altimeters like the Radar Altimeter 2 (RA2) on-board Envisat (2002 Envisat ( -2012 or the SyntheticAperture Interferometric Radar Altimeter (SIRAL) on-board CryoSat-2 (CS-2, since 2010) are based on K u -Band frequencies. Compared to laser altimetry, radar altimeters have the advantage negligible influence of not being influenced by cloud cover. Contrary, the, but yield significantly larger surface footprints of radar altimeter is considerably larger than for laser altimeters. AIn additional complication, especially for sea ice in the the Ssouthern hemisphere, is the location of the main backscattering interface. ASurface backscatter at K uBand frequencies wereit is originally assumed that the main part of the echo return power originates from to be dominated by the snow/ice interface for dry and cold conditions., In this case radar altimeter range measurementthus generally relate to yielding ice freeboard.
However, the generality of thisis assumption has been recently questioned by several publications (Willatt et al., 2010 , Willatt et al., 2011 , Ricker et al., 2014 , Kurtz et al., 2014 , Price et al., 2015 , Kwok, 2014 .
Over sea ice in the Southern Ocean, Zwally et al. (2008) and Yi et al. (2011) provided a first estimate of snow freeboard and sea-ice thickness distribution and its seasonal evolution in the Weddell Sea using the laser altimeter data from ICESat. They found the highest snow freeboard and the thickest ice in the western Weddell Sea and a clear seasonal cycle of the snow freeboard with the highest values in summer (since all the thin ice is melted away) and lower values in the beginning of winter (due to massive formation of new ice formation). A comparison between field data and ICESat ground track in the Bellingshausen Sea showed a good agreement between both methods (Xie et al., 2011) . Recently, Kern and Spreen (2015) estimated finally the potential uncertainty of sea-ice thicknesses derived from ICESat and AMSR-E snow depth, which ranges between 20 % and 80 %. They found that the highest impact comes from the applied SSH detectionthe choice of SSH estimation has the highest sensitivity, but a reasonable alternatives for lead detectionsto that detection does not result inshow significanta huge differences. At the same time as the first ICESat snow freeboard maps were developed by Zwally et al. (2008) , Giles et al. (2008) computed freeboard out of radar altimeter data from the European Remote Sensing satellite 2 (ERS-2). In their study they could show that the winter mean freeboard from ERS-2 shows a reasonable distribution and good qualitative agreement with ship based observations. Later, Also Price et al. (2015) found a good agreement with field data using CS-2 radar signals to derive sea-ice freeboard over the fast ice of McMurdo Sound.
Since previous studies show a proof-of-concept of hemisphere-wide sea-ice thickness retrieval using satellite altimeter time series, the next steps would be to merge data sets from different satellite missions to a consistent long-term record of Antarctic sea-ice thickness.
With the radar altimeters on the ERS-1, ERS-2, Envisat and CryoSat-2 missions of the European Space Agency, a continuous data set spanning two decades is available. One particular challenge for a merged time series though is the different radar configuration between the pulse-limited altimeters of ERS-1, ERS-2 and Envisat and CS-2, which employs along-track beam-sharpening for a smaller footprint size. As a result, the characteristics of the time-dependent radar backscatter, recorded as radar echo waveform for each single measurement, are of inherently different in shape for theforbetween the two radar altimeter typesacquisitions. Range retrieval from the radar waveform is often based on an empirical evaluation of the leading edge, since the full wave form of a sea-ice target is usually of high complexity. Since existing studies on freeboard or thickness are usually based on a single mission the empirical range retrieval algorithms are not necessarily consistent for different sensor types. Hence, in order to create an inter-sensor time series, we need to test different algorithms on their consistency for different sensors.
Within the ESA Climate Change Initiative (CCI) Sea ice project -Antarctic Sea-ice thickness Option -Envisat and CS-2 freeboard values over the entire Antarctic sea ice cover have been computed for independently from each datasetother. A freeboard time series created by those sensors has the potential to cover more than 10 years yet, from 2002 until today. More importantly, both data sets have a full year ofn overlap period in 2011. This overlap is used to assess a potential inter-mission bias and sensor associated uncertainties based on independently produced monthly mean and modal freeboard values from Envisat and CS-2.
Differences are discussed with respect to regional and temporal variability and potential causes are identified. We also relate the differences to the occurrence of the diverse ice classes, in which we use the terms "seasonal ice" for predominant occurrence of firsti.e. first year ice, and, perennial multi-year ice for regions with second/multi-year ice and coastal ice for all the ice that occur close to the coasts (deformed drifting ice, first and multi-year ice as well as landfast ice) that occur close to the coasts. This effort is the first towards a development of consistent retrieval algorithms for both pulse-limited and beam-sharpened radar altimeters, with the objective to extend the sea-ice thickness time series in the Southern Ocean back to 1991 with ERS-1 and ERS-2.
Data and Methods
Antarctic wide freeboard from Envisat and CS-2 data was derived by two different, sensor related processors for the overlap period in 2011. In order to distinguish between open water and sea ice, sea-ice concentration (SIC) is used in both processors. Freeboard was only derived for regions with a SIC above 55%. Monthly mean freeboard was computed from January to December and was gridded onto a 100 km EASE-Grid 2.0 (Brodzik et al., 2012) .
Some comparisons are also done with a 25 km grid. The individual processors are described in section 2.1 and 2.2, and Table 1 gives an overview of the most important processing parameters.
2.1

CryoSat-2 freeboard retrieval
The CS-2 freeboard processor has formerlyoriginally been useddeveloped for applications on Arctic sea ice and has now been adapted for the use of Antarctic sea-ice in this study. We used the geolocated level 1b Synthetic Aperture Radar (SAR) and interferometric SAR (SARIn) waveforms products over the Southern Ocean obtained from CS-2 (K u band, 13.575GHz) and provided by ESA (https://earth.esa.int/web/guest/-/how-to-access-cryosatdata-6842). The surface elevations are processed alongfrom individual CS-2 orbitstracks using the Threshold First-Maximum Retracker Algorithm (TFMRA) described by Helm et al. (2014) and Ricker et al. (2014) in detail.
Specifically, the main scattering horizon is tracked at the waveforms leading edge of the first local maximum of the CS-2 waveform by using a power threshold (see Fig. 1 ). For the standard processing we define thisused as threshold of 40% of first maximum power but also tested results using a threshold of 50% to retrieve surface elevations. Geophysical range corrections (e.g. ionospheric, tropospheric and tide corrections) are applied using the values supplied in the level 1bL1B data files of ESA. The retrieved freeboard refers to the main scattering horizon of the radar wave. As the exact position of the scattering horizon is unknown we do not apply a correction for the wave propagation speed in the snow layer.
Instead we use for our calculation and comparison the freeboard from the uncorrected radar range, termedi.e. we obtain the radar freeboard (F R ) in contrast to the physical interfacesinstead of either ice or snow freeboard:
(1) L is the retrieved surface elevation, MSSH corresponds to the mean sea-surface height product DTU150 (ftp.space.dtu.dk/pub/DTU15Andersen, 2010), which is subtracted from the surface elevations first, in order to remove the main geoid and sea-surface height undulations. The SSA is the Sea Surface Anomaly derived from linear interpolation between elevations of detected leads along the orbit track and represents the residuum from the MSSH. The sum of MSSH and SSA thus yields the actual SSH for each orbit. The discrimination between open water (leads) and sea ice is based on the waveform and SAR stack parameters such as the right and left pulse peakiness, beam kurtosis, stack standard deviation as well as an ice concentration threshold. A full description is given in Ricker et al. 2014 . such as the so called pulse peakiness (2) of the return signal (Peacock and Laxon, 2004) . Leads are cracks in the ice cover and usually have a distinct specular radar echo, while open-ocean and sea-ice surfaces have wider waveforms, resulting from diffuse reflection due toof the higher surface roughness (see Fig. 1 for comparison). The pulse peakiness (PP) is derived by Radar freeboard belowlower than -0.243 m and abovehigher than 2.24 m is discarded from the data sets. Indeed, negative sea-ice freeboard is possible in Antarctica, but the CS-2 signal is certainly reflected at the slush-dry snow interface. We therefore assume a valid range for freeboard footprint averages from 0 to 2 meter, but account for speckle range noise (0.24 m) of the CS-2 orbit data, thus also allowing negative freeboard values. However, we allow negative freeboard to accommodate the random uncertainties caused by speckle and instrument noise. Finally, freeboard values of all CS-2 tracks within a month are compiled and projected onto a 100 km EASE 2.0 grid for further analysis.
2.2
Envisat freeboard retrieval
The input data for the Envisat freeboard processing is the Envisat Sensor Data Record -SGDR (Sensor Geophysical Data Record) product available from ESA (https://earth.esa.int/web/guest/data-access/browse-dataproducts/-/asset_publisher/y8Qb/content/Envisat-sensor-data-record-1471).
For the processing we used the ESA CCI RA2 prototype processor adapted for the Southern
Hemisphere. The processing algorithm is described in detail on the Sea Ice CCI Algorithm Theoretical Basis Document (Ridout and Ivanova, 2012 ) and the prototype system in the Processing System Description (Kern, 2012) .
The Envisat processing is similar to the CS-2 processing described in the subsection 2.1.
Differences are the Llead detection algorithm that is based on a single parameter threshold of the pulse peakiness (PP) defined as (Peacock and Laxon, 2004) :
s are distinguished from ice floes and open water by the PP parameter. SIC information from the OSI SAF product is then used to differentiate diffuse waveforms from open water and those from ice floes. The waveforms are then retracked to obtain the surface elevation. The surface elevation is then referenced to the DTU15 MSS and the residual of the actual SSH interpolated between lead location is subtracted to obtain radar freeboard. retrieve the target surface elevation and radar freeboard is derived from the lead and floe elevations by interpolating the local sea level elevation measured from leads to ice floe positions and subtracting the former from the latter. As for CS-2, no correction is applied for wave propagation speed in snow so that the derived freeboard refers to the radar freeboard as well.
For Envisat we use different retrackers for leads and floes. For leads we apply the retracker described in Giles et al. (2007) . The shape of a specular echo is described by two functions: the first part of the echo is represented by a Gaussian and the second part by an exponentially decaying function. These two functions are linked by a third degree polynomial function. The functions are fitted to the measured waveform using the Levenberg-Marquardt nonlinear least-squares method and one of the variables is the retracking point. For the ice floes we use a standard OCOG (offset centre of gravity) retracker with a 50% threshold.
In the Envisat processing we discard freeboards smaller than -1 m or larger than 2 m. The lower limit for reasonable freeboards is smaller for Envisat than for CS-2 because the noise in Envisat measured elevations is greater. Even if large negative freeboards should not be present the negative tail of the distribution of Envisat measured freeboards extends below -0.3 m and thus we have to use a wider window for reasonable freeboards.
Results
The most basic comparison between CS-2 and Envisat freeboard retrieval is to investigate the spatial and temporal distribution of the respective regional and statisticalcomputed freeboard distributions. Both data sets show the highest freeboard along the east coast of the Antarctic Peninsula, along the coast of the Bellingshausen/Amundsen Sea and in parts of the Ross Sea, with values of up to 1 m in the CS-2 data set ( Fig. 2 ). These are the regions which remain ice covered during summer and are known to hold the highest freeboard and the thickest sea ice of the Southern Ocean (e.g., Worby et al., 2008 , Giles et al., 2008 , Yi et al., 2011 . However, Envisat freeboard is generally lower in those regions compared to CS-2 freeboard.
At particular locations, both products reveal also negative freeboard. CS-2 data show a belt of negative freeboard in the marginal ice zone (MIZ, Fig. 2 ), while Envisat reveals negative freeboard only sporadically in the inner pack ice zone. In fact, SIE in the CS-2 freeboard product is larger than for Envisat, which produces an inconsistency of the distribution of negative freeboard values in this region.
This is also visible in the difference map in Fig. 2 , where Envisat freeboard was subtracted from the CS-2 freeboard. Accordingly, red areas indicate that CS-2 has higher freeboard than Envisat, and blue values indicate that Envisat freeboard is higher. During winter months, the Envisat processor yields higher freeboard than CS-2 in large parts of the seasonal first-year sea-ice zone, though in coastal regions and regions with perennial multi-year sea ice CS-2 reveal higher freeboard. In summer, CS-2 freeboard becomes then higher than Envisat freeboard, when all the remaining ice becomes second year ice. In most regions the bias lies within ±0.10 m, in particular between May and December. However, it can increase up to ±0.60 m close to the coasts and in regions with predominantly multi-year ice.
The characteristics of the freeboard distribution, in particular the shape, have been analysed and compared using histograms covering all grid cells of each product (Fig. 3 ). The distribution of the freeboard is very broad in summer and fall (Jan-Apr). From end of fall until early summer (May-Dec), the distribution shows a steep increase towards a distinct mode at low values and a long but flat tail towards the thicker end. The histograms show a similar shape for most months for both data sets, with Envisat freeboard (blue) slightly shifted to higher values compared to CS-2 data (black). Only during fall (Mar-Apr), the distributions differ strongly.
At the thick end of the distribution, i.e. value above 0.35 m, Envisat freeboard is less strongly represented. On the other hand, negative freeboard occurs more often in Envisat data than in CS-2 as to be expected from the larger noise of along-track Envisat freeboards.
In order to assess a potential inter-mission bias, we calculated Antarctic wide averages of the monthly mean and modal freeboard over the entire sea-ice zone (see TabFig. 23). For this comparisonTo account for the different SIE, only data points occurring in both data sets have been taken into account. CS-2 modal freeboard is lower than mean freeboard in all months, like it was also found for sea ice thickness data from ICESat by Xie et al. (2013) ; Envisat mean and modal freeboard is generally close to each other with modal values being higher than mean values. MFor the standard processing ( Fig. 3a) , mean freeboard shows a seasonal cycle which is comparable for both data products. In summer, mean freeboard is the highest.
With the beginning of the freezing season, it shows a slight decrease, and over winter, it is stable increases a bit and towards the summer it shows only a slight decrease againin late spring/beginning of summer. The modal freeboard of Envisat is the lowest in the beginning and the highest at the end of summer. ummer and the lowest at the beginning of summer.
anddata shows a similar seasonal cycle as mean freeboard with quite constant values over winter. For CS-2, modal freeboard decreases over summer with a minimum in April and increases over the winter with maximum values between July and October. do not show a seasonal cycle modal freeboard shows in contrast barely any variability in 2011 instead.
A similar change from summer to winter sea-ice freeboard as has been investigated for the growing ice over winter. However, it may also be that a change in the penetration depth of the signal causes these high freeboard values. During summer, the location of the reflection horizon of the radar wave may be influenced by wet and/or metamorphous snow (e.g., Kwok, 2014 , Willatt et al., 2010 . This may lead to an apparent increase of the freeboard compared to winter data, when the radar backscatter or absorption inside the snow layer is less pronounced. radar wave potentially penetrates the snow more effectively.
There is a positive bias in the mean freeboard nearly all year round (Tab. ExceptFrom for May, to September, these differences are not statistically significant on the 95% level. The bias for modal freeboard is instead negative all over the year and does not follow a seasonal cycle. The maximum difference for modal freeboard can be found at the end of spring, in March and April. Over the rest of the year, it remains rather constant with values lower than or equal to 0.1m, considering 5 cm intervals.
In order to examine whether these findings are independent from the retracker threshold difference between both processors and also from the grid resolution we modified both and analysed the results. The adaptation of the retracker threshold for CS-2 based waveforms to 50% (Fig. 3b) , as it is used for Envisat, results in higher differences for mean and modal freeboard in most months, except for summer. With an increased retracker threshold mean and modal freeboard become lower in the CS-2 data. As mean CS-2 freeboard is close to and modal freeboard mostly even lower than Envisat freeboard in the standard run, differences increase accordingly. The significance of the bias is given in winter months but not for summer months. In summer, the positive bias between CS-2 and Envisat freeboard becomes reduced in the perennial multi-year ice zone by the changed retracker threshold. The seasonal cycle of mean and modal CS-2 freeboard does not change.
An increase of the grid resolution to 25 km (retracker threshold: 40% for CS-2, not shown) results in a similar bias for monthly mean freeboard as in the standard processing. Differences in the modal freeboard are slightly higher, similar to the processing with a retracker threshold of 50%, in particular in the winter months.
The characteristics of the freeboard distribution, in particular the shape, have also been analysed and compared using histograms covering all grid cells of each product (Fig. 34) . The distribution of the freeboard is very broad in summer and fall (Jan-Apr). From end of fall until early summer (May-Dec), the distribution shows a steep increase towards a distinct mode at low values and a long but flat tail towards the thicker end. The histograms show a similar shape for most months for both data sets, with Envisat freeboard (blue) slightly shifted to higher values compared to CS-2 data (black). Only during fall (Mar-Apr), the distributions differ strongly.
At the thick end of the distribution, i.e. value above 0.35 m, Envisat freeboard is less strongly represented. This issue was already visible in Fig. 2 , where we could identify lower freeboard in most of the perennial ice regions. On the other hand, negative freeboard occurs more often in Envisat data than in CS-2. This is in apparent contradiction with Fig. 2 , where CS-2 data show large areas covered by negative freeboard. However, these comparisons were only made for regions, where both products have valid values, i.e. large parts of the MIZ in CS-2 data were not taken into consideration in the histograms. Hence, within the pack-ice zone, Envisat data show more often negative freeboard than CS-2 data. Figure 5 shows the regional and temporal distribution of the grid-cell based bias in monthly mean freeboard over the entire Southern Ocean. For the calculations, Envisat freeboard was subtracted from the CS-2 freeboard. Accordingly, red areas indicate that CS-2 has higher freeboard than Envisat, and blue values indicate that Envisat freeboard is higher. During winter months, the Envisat processor yields higher freeboard than CS-2 in large parts of the seasonal first-year sea-ice zone, though in coastal regions and regions with perennial multiyear sea ice CS-2 reveal higher freeboard. In late spring, CS-2 freeboard becomes often higher than Envisat freeboard. In most regions the bias lies within ±0.10 m, in particular between May and December. However, it can increase up to ±0.60 m close to the coasts and in regions with predominantly perennial multi-year ice.
For the individual sectors of the Southern Ocean (following the sector classification in Parkinson and Cavalieri (2012) ), the occurrence of perennial multi-year and seasonal ice has a varying impact on mean and modal freeboard (see Tab. 3 for 
Discussion
The present study investigates the consistency between Envisat and CS-2 radar freeboard developed independently from each other within the ESA CCI Sea ice project. We found a reasonable a good agreement for the regional distribution of freeboard, with thicker radar freeboard in the regions with perennial multi-year ice. However, Envisat freeboard tends to be higher than CS-2 in the seasonal first-year sea-ice zone while CS-2 data are higher compared to Envisat along the coast and in the perennial multi-year sea-ice zone. Though AaA simple change in the retracker threshold wouldcannot not solve this issue because such athis modification would changes all freeboard values only in one direction. : a higher leadingedge threshold would result in lower freeboard and a lower threshold in higher values. Hence, using e.g. the same retracker thresholds for both products will not improve the consistency between Envisat and CS-2 freeboard. Furthermore, although bBoth products reveal negative freeboard (Fig. 3) ,. Envisat shows higher fractions of it negative freeboard., whichThis might be caused by the coarser spatial resolution, leading to an erroneous sea-surface height interpolation, but also by the difference in noise level and accordingly the cut-off windows for both products. In any case, we do not expect, that this negative freeboard is related to flooded sea ice, since the radar signal would not penetrate through the flooded layer.
A potential source for inconsistencies between both data sets may be the different SSH product. For Envisat the MSSH is taken directly from the SGDR product (ESA, 2007) file.
This instead is derived from the Collecte Localisation Satellite, CLS01 monthly product (Hernandez and Schaeffer, 2000) , which is referred to the EM96 geoid. The TFMRA for CS-2 freeboard calculation uses the MSSH product DTU10 (Andersen, 2010) , which is a climatology and refers to the WGS84 geoid. Despite this difference, we do not expect a consequence for radar freeboard as the detection of the local SSH by lead detection in both processors should overcome the difference in the mean SSH products. Indeed, leads are expected to be sparse in the western Weddell Sea and along the coasts, because the sea ice is quite compact in those regions. However, w
In order to investigate potential causes for the differences in both data sets, we compared the lead fractions within the grid cell of CS-2 and Envisat freeboard (Fig. 4) . densities and number of leads (see Fig. 7 ) for both data sets The goal was to access wheather a difference in the lead fraction between both data sets may lead to different sea surface anomalies (SSA) and thus toaccordingly to the differences in the respective radar freeboards distribution. and The lead fraction is generally much higher for Envisat than for CS-2, but they share a similar regional pattern. However, this does not but there is no distinct pattern that would explain why CS-2 freeboarddata isare higher than Envisat freeboarddata in regions with multi-year ice. We can speculate, that the reason for the high Envisat lead fractions is due to its large footprint which therefore has a higher probability for capturing a lead. Hence, the fraction of waveforms, that are identified as leads, is significantly much higher than for CryoSat-2. It is reasonable to assume that the almost opposite ratios of lead to ice waveform numbers between CS-2 and Envisat cause a selection bias of certain ice types (e.g. preferential sampling of large floes) and thus could explain the observed differences in radar freeboard.
Less pronounced are the differences in the SSA results of both sensors (Fig. 5 ). While the SSA shows a consistent low in the central Weddell Sea in both results, a clear offset is visible in the differences of the CS-2 and Envisat SSA estimations. This offset is most likely caused by deviating absolute range values due to different geophysical range corrections. This is supported by the lack of regional patterns in the difference of the two SSA estimations. did not find noticeable lower lead detections in regions where the differences in CS-2 and Envisat freeboard are the highest compared to regions, where the sensor biases are lower. Hence, the correction of the SSH seems not to be hampered by too few leads in the one or other data set.
In future, we will nevertheless implement DTU13 consistently in both processors.
The high radar freeboard in CS-2 data along the coast may be caused by the usage of SARIn data. At the coasts, the satellite mode switches from SAR (over sea ice) to SARIn (over land ice). SARIn has generally a larger noise than the SAR data and this may lead to the higher radar freeboard in that region. However, this counts only for near-coastal grid cells and cannot explain the high radar freeboard in e.g. the western Weddell and the Amundsen/Bellingshausen Seas.
Another source for inconsistencies is certainly the difference in the sensor characteristics.
The radar altimeter on-board Envisat has a much coarser resolution and lower data coverage than the one on-board CS-2. Due to the Delay/Doppler processing, the CS-2 footprint corresponds to the size of a Doppler cell, which is freeboard measurements are averaged over the footprint of approximately 300x16000m (Wingham et al., 2006) , while Envisat hasdata have a footprint of 2-10 km (Connor et al., 2009 ). The CS-2 freeboard captures more features of the sea-ice cover, while, in contrast, the Envisat freeboard is smoother. Moreover the dynamic range of the CS-2 freeboard is higher than for Envisat, which can be assigned to the difference in spatial resolution of both sensors. Accordingly, the CS-2 freeboard captures more features of the sea-ice cover, while, in contrast, the Envisat freeboard is smoother.
Moreover the dynamic range of the CS-2 freeboard is higher than for Envisat, which can be assigned to the difference in spatial resolution of both sensors. A study dealing with the impact that different footprint sizes have on mean and modal freeboard in the Arctic (Schwegmann et al., 2014) showed that differences of 0.1-0.2m for modal and 0.005m for mean values can be expected for footprints varying from point measurements, over the ICESat footprint of 70 m to a footprint of 300 m (according to the along-track footprint of CS-2). A similar result was found by Xie et al. (2013) , who compared sea ice thicknesses derived from ICESat data on the 70 m ICESat footprint and upscaled to the AMSR-E scale of 12.5 x 12.5 km. Hence, partially,a part of the difference between CS-2 and Envisat mean and modal freeboard may simply be caused by the different footprint and resolution of both measurement systems.
Both products reveal negative freeboard (Fig. 3) . Envisat shows higher fractions of negative freeboard, which might be caused by the coarser spatial resolution, leading to an erroneous sea-surface height interpolation. In any case, we do not expect, that this negative freeboard is related to flooded sea ice, since the radar signal would not penetrate through the flooded layer.
Also the inconsistency in SIE may be caused by the inherent difference in footprint between CS-2 and Envisat. It is likely that during the Envisat processing more data are filtered out in the MIZ because measurements from mixed ice water footprints are discarded during the processing. On the contrary, CS-2 detects more "ice only" waveforms due to the smaller footprint. As a consequence, the MIZs have not the same location in both products. Another impact factor is that in the processing of Envisat, valid ice values depend on the surrounding leads. Only if an ice value is surrounded by leads in both directions, it is valid for the freeboard processing. This criterion is not used for the CS-2 processor.
Moreover, another reason for one part of the discrepancies might also be given by may be caused due to the fact it is not well established how well results from different retracking approaches relate to each other in different surface roughness scenarios. that that Envisat uses two individual retrackers for floes and leads. It is not well established how well results from different retracking approaches relate to each other in different surface roughness scenarios.
For the Arctic, it was tested whether there is a possible bias in a few marginal ice zones (assuming that the actual ice freeboard of very thin ice is 0), but no bias was found. This could be different in the Antarctic, thoughbut it is not likely. The CS-2 processing instead is based on a uniform approach for lead and ice waveforms. This decision is based less on physical considerations but rather evolved from a process where CS-2 radar freeboards were compared to airborne validation data in the Arctic. However, to proof that there is no bias, an in-depth investigation of the waveforms and processor characteristics would be necessary.
However Hhemisphere. We have therefore limited this study to a consistency assessment between the two radar altimeter types well knowing that future improvements due to CS-2 validation efforts have to propagate to the Envisat and ERS1/2 eras. Hence, only in near future a comprehensive evaluation of freeboard data from CS-2 and Envisat with field data becomes possible.
Nevertheless, we want to give a first estimate how strong discrepancies between both radar freeboards may influence sea-ice volume (SIV) results. Therefore, we estimated SIV for 2011 using Envisat and CS-2 radar freeboard, OSI SAF SIC and snow depth derived from AMSR- Frost et al., 2014 , Kern et al., 2014 provided by the University of Bremen. We assumed that the main scattering horizon is located at the snow/ice interface, since we have no information about the apparent location, but also tested cases where the scattering horizon is located in the snow layer to account for this uncertainty. With this assumption we certainly reveal the upper bound of SIV estimations.
The Antarctic wide SIV from CS-2 varies from 16554 km 3 at the beginning of winter (May) to 36940 km 3 at the end of winter in September. From Envisat, SIV amounts to 16647 km 3 in
May and growths up to 36263 km 3 in September. The difference between both derived SIV is less than 2% over the growth season from May to September (see Fig. 8 ). This holds also when we change the location of the main scattering horizon to 15 cm below the snow surface.
In this case, the difference in winter SIV is slightly above 2% only in September. We can also discover a change in sign in the difference mid of the year. In May and June, Envisat SIV is higher than CS-2 SIV, for the rest of the growths season Envisat SIV is lower. Hence, the impact of the positive bias in the perennial ice zone related to CS-2 dominates the SIV difference.
Conclusions and Outlook
This study rooted in the ESA CCI Sea Ice project aimed to investigate whether the radar freeboard estimatesdata from CS-2 and Envisat developed independently within the ESA CCI Sea Ice project are consistent so that both time series can be merged without an intermissioninter-mission freeboard bias. The comparison revealed a reasonable good regional agreement between the pulse-limited (Envisat) and beam-sharpened (CS-2) data.
Differences are mostly below 0.1m for modal freeboard and even less for mean freeboard over winter months (May-Oct), although the difference in first year to multi-year regions is much more pronounced in CS-2 than Envisat radar freeboard. there are some inconsistencies that may be improved in future. The highest differences occur in regions with perennial multiyear sea ice and along the coasts. In general, the dynamic range of CS-2 freeboard is higher than for Envisat and due to the higher spatial resolution, CryoSat-2 captures more features in the sea ice cover. Also, the fraction of waveforms associated to leads is significantly higher for Envisat then CS-2 leading to a potential preferential sampling of larger ice floes and thus to higher freeboard in the first-year ice. Nevertheless, the impact on the total Antarctic SIV is low: During the sea ice growth season, Antarctic wide SIV does only vary by few percent between Envisat and CS-2, indicating that there is a quite good consistency between both sensors. Individual sectors and summer data suffer from higher uncertainties instead, which lead to high discrepancies between the sensor-based freeboard and SIV estimates.
In order to improve the consistency between both data sets, an in-depth investigation of the waveform characteristics in both processors isare needed, but this effort requires additional data sets on the actual physical snow and ice conditions and such an undertaking is which was out of the scope of this study. For the future, we are however confident that this study by highlighting regions with apparent lack of consistency serves -together with an improved understanding of the waveform characteristics in the pulse-limited and beam-sharpened dataas a basis for further extending the time series of sea-ice freeboard by ERS-1/2 data and compiling a sea-ice thickness time series spanning more than 20 years yet. Bellingshausen Seas (ABS). Grey curves show the mean and modal differences between both sensors (CryoSat-2 -Envisat) and attached bars show the standard deviation of differences.
Only data occurring in both data sets have been considered. related to the averaged sea ice volume derived from CS-2 and Envisat. Since the location of the wave's main scattering horizon is unknown, we tested different cases (location 5 cm and 15 cm below the snow surface and location at ice/snow interface).
Interactive comment on "About the consistency between Envisat and CryoSat2 radar freeboard retrieval over Antarctic sea ice" by S. Schwegmann et al.
We thank the reviewer for his/her comments. In general we find them positive and we plan to write a revised manuscript for publication in The Cryosphere. Detailed response to the comments can be found below.
Anonymous Referee #1
A comparison of the freeboard retrieval in Antarctic sea ice, between two different spaceborne radar altimeter the Envisat RA2 and Cryosat2 SIRAL (in SAR and SARIn mode). The author attempt to show that during the overlapping period of 2011, results from the Envisat and CS2 missions have a reasonable consistency. Thus, it is potentially feasible to construct a consistent time series of sea ice freeboard, thickness, and volume during the satellite radar altimetry and gain the knowledge of the Antarctic sea ice volume in recent two decades. However, as pointed out in the paper, due to different SSH (sea surface height) data used for the two products, I would argue that the current comparison are not valid, although they seem be compatible. Although they offer to use the DTU13 SSH products for both data in the future, I would rather them use DTU13 for this paper to assure a solid publication.
We reprocessed both CS2 and RA2 using DTU15 and used that for the final manuscript. We agree that using the same SSH product was an important step towards a consistent study. However, the results did not change significantly. The different SSH products do not account for the bias between both freeboard data sets.
Some general comments:
1. A comparison of the radar elevation and local sea level measured from both sensors would be a good addition to the comparison of the freeboard, at least one can know which one, the elevation from satellites or the local sea level estimation from models, accounts more in the biases/variations between the two datasets.
We have already looked at the mean and local SSH during the data processing and included it in the manuscript now. While the SSA shows a consistent low in the central Weddell Sea in both results, a clear offset is visible in the differences of the CS2 and Envisat SSA estimations. This offset is most likely caused by deviating absolute range values due to different geophysical range corrections. This is supported by the lack of regional patterns in the difference of the two SSA estimations.
2. Aside from the comparison with mean and modal value, the root mean squared difference (RMSD) is also a good indicator to interpret the differences/biases between the two missions. And, a 3. The authors could also consider to introduce some insitu or airborne altimetry data as a reference to assess that in each month/sector, which sensor would have a better performance.
This would be a good idea, if the purpose of the paper would be to study the accuracy of RA2 and CS2 retrievals. However, as clearly stated in the manuscript, our paper is on the consistency of RA2 and CS2. We do not assess the performance only the differences. And thus we do not plan to include external validation data in this study. To keep the scope of this paper manageable, the validation of radar altimetry in the realm of southern seas will have to be left for another paper. As a general comment, this work is ongoing in the Sea Ice CCI Phase 2 round robin exercise and results are to be expected early this year.
4. For the footprints with negative freeboard, does the echo waveform pattern of negative radar freeboardfootprints significantly differ from that with positive radar freeboard?
This is an interesting question and something that demands effort. Once again, to answer this in detail would be a study of its own including a modelling part on the snow pack properties and surface roughness. In order to answer the reviewers comment we quickly looked at the distribution of RA2 waveform characteristics, namely the Leading edge width and Pulse Peakiness (for definitions see Ridout, A. and Looking at the figure, we can say that for RA2, yes the waveforms of negative and positive freeboards differ. It seems that the leading edge width is larger for negative FB than for positive. This is quite possibly due to the thicker snow cover, contributing to an early rise of the waveform over noise level. The difference in pulse peakiness is more subtle possibly the PP values < 2 are less common for the negative freeboards than for positive freeboards. This is most likely due to heavily deformed ice (resulting in offnadir returns and smaller PP) is less likely to have negative freeboard than less deformed. As the waveforms, at least for RA2, are different for, we cannot rule out that one of the two different filtering schemes of RA2 and CS2, is more prone to filter out good measurements of negative freeboard. This is very unlikely though, but we shall discuss this in the revised manuscript. We believe a more likely candidate for the negative freeboard is the ssh interpolation and the density of leads along track.
Specific Comments
Page6, Line 12: As both the CS2 SAR and SARIn L1b data used, is there any significant different in retracking and freeboard retrieval between these two modes? Which data is really used for the freeboard retrieval?
The retracking algorithm of CryoSat2 data does not differ between the SAR and SARin mode. SARin waveforms may have a higher noise level, but this is accounted for in the revised data product. In the original submission higher noise level of SARin data might have resulted in higher freeboard for some cases.
Page 7, Line 21 and Page 9, Line 5: It can be seen that radar freeboard with extreme values (<0.3m & >2m for CS2, and <1m & >2m) are discarded. I hope you can provide some reasoning or citations why these values are selected. What is the reason that the CS2 did not retrieved much negative freeboard on the inner ice pack? Should it be the result of the higher random error associated with the Envisat freeboard?
The choice of these thresholds is based on our experience of the uncertainty range of the orbit data from the two satellites.
Page 9, the "Results" section: As presented by the manuscript, the Envisat and CS2 sea ice freeboard are well consistent with each other, as there are only a very low overall bias. However, as the performance of Envisat and CS2 differs in different time and location, can the authors recommend which one might be better in each of the specified sea sector and/or specified month?
A SAR altimeter of smaller footprint size with less potential for mixing of surface types is definitely preferable over an LRM altimeter. Though at an Envisat like orbit inclination there would be a better coverage for all seaice covered areas in the southern hemisphere. The upcoming Sentinel3 mission will be such a best case for Antarctic sea ice. Page9, line1721, negative freeboard is discussed, but it is not shown anywhere in figure 2. Now we discuss negative freeboard only based on Figure 3 , where the occurance is clearly visible.
Page12, line 56, why Envisat has more negative freeboard than CS2? This is surely due to the different cutoff windows that we used (0.242.24 for CS2 and 1 to 2 for Envisat).
Page14 Line 17: The CS2 freeboard near the Antarctic coast is mostly higher than that of the Envisat in almost all sectors and in all months. The author explained this as the higher error in the SARIn mode. However, it seems this is mostly a bias between the SARIn and Envisat. Also, could this be caused by the higher error or bias in the Envisat when measuring the coastal, fast ice, not by the CS2 SARIn mode?
At this point we can only speculate about the nature of this observed bias, especially when comparing SAR/SARin (CryoSat2) and LRM (Envisat) waveforms. It might be true that waveforms of SAR and LRM altimeters show different sensitivities towards certain ice surfaces. One way to verify this would be to extend this analysis to the Arctic, but this is beyond the scope of this study.
Page14, line2529 about footprint size effect, please also see this paper for the Antarctic. Xie The reference has been included: "A similar result was found by Xie et al. (2013) , who compared sea ice thicknesses derived from ICESat data on the 70 m ICESat footprint and upscaled to the AMSRE scale of 12.5 x 12.5 km."
Page 23: Table 2 , I am not sure how the authors handled the situation when snow depth is lower than the preset penetration depth (be 5cm or 15cm), this could be the cause of the negative SIV? And, I am not sure if the SIV does include the snow volume.
In case the snow depth is lower than the assumed penetration depth, we assumed full penetration of the main backscatter horizon, which is identical to setting the penetration depth to the snow depth. SIV in our study does not include snow volume. However, we have excluded this part from the manuscript in order to i) not to confuse the reader and ii) to focus on the main topic of the manuscript.
Page 24: Fig.1 , what is the measurement/unit of the "Echo power" represented in the plots? It could be DB? Also, the plots could be wide, as the leading edge is extremely steep and it is hard to see if the retracking points are located at the 40% threshold.
The unit is dB. We have included the unit in the figure and made the retracking point better visible by decreasing the xaxis range. Figure 4 , 5, 6. font size of the words are too small to see.
